We develop a collisional radiative (CR) model of high-Z multiple charge ions based on computational atomic data. We use an algorithm to determine a set of atomic energy levels in the model with significant population in the plasmas and contribute to the dielectronic recombination (DR) processes. The model is validated through participation to the non-LTE kinetics workshops. At the nLTE workshop, an alternative method for the analysis of the spectrum from plasmas based on genetic algorithm (GA) is also discussed. An application of the present model to calculate the ion abundance and radiative power loss of Gd and Nd plasmas is also shown.
Introduction
Atomic processes in high-Z plasmas have attracted great interest in plasma science. Because tungsten (W) has potential as a plasma-facing material of divertor plates for ITER and future fusion reactors [1], collisional radiative (CR) models of tungsten are investigated. Similarly, atomic processes in Xe and Sn plasmas are investigated, which have potential as an EUV source for microlithography [2] .
Because the multiple-charge ions of high-Z atom have a very complex structure, the development of the CR model has been a difficult subject. The model should include a large number of atomic states as well as a wide variety of collisional and radiative ionization and excitation processes. Recent development of atomic codes such as HULLAC [3] and FAC [4] has enabled one to develop such a CR model.
However, the CR model should be validated before its application to plasma spectroscopy. However, the emission spectrum from plasmas is complex and measurements are subject to spatial-temporal evolution of the plasmas, making validation through comparison between calculation and experiment difficult. Therefore, NLTE workshops are held since 1996. The activity of the workshops are extensively reported by Rubiano et. al [5] and Ralchenko et. al [6] . In these workshops participants share the results of their atomic kinetics codes for predetermined test problems, and codes are improved by comparing the calculated quantities such as mean charge, radiative power loss, ion abundance, and rates of ionization and recombination.
In this paper, we report the development of JATOM 
Modeling Method
In the JATOM CR code, we employ the configuration average (CA) model, taking sufficiently large number of atomic states into account, including those with low excitation energy and have large population as well as those contribute to dielectronic recombination and affect the determination of ionization balance. Figure 1 shows the atomic structure of the Ne-and Cl-like W ions used in the model. The set of energy levels is determined recursively descending ion charge, from the highest charged ion. For example, to produce the set of energy levels of Na-like ion, firstly, typically 30 lowest excited states of Ne-like ion, 2s 2 2p 5 nl and 2s2p 6 nl are selected. Secondly, the groups of excited states of Nalike ion, which terminate to the selected Ne-like states, 2s 2 2p 5 nln l and 2s2p 6 nln l , and contribute to the dielectroic recombination are generated. Using the present algorithm, in the case of ions around W 57+ , multiple M-shell excited states are rather preferred than those contribute more to the dielectronic recombination with n = 3-4 excitation of an electron. Regardless, the number of excited states of the source ion controls the size of the present model, which is decided after a convergence analysis of the mean charge and radiative power loss as described in the next section.
We use HULLAC code to calculate the energy levels, rates of radiative decay and autoionization in the CA mode without configuration interaction. The rates of other processes are calculated using empirical formulas as a function of the energy difference of initial and final state and the oscillator strength. Details of the model is described in elsewhere [8] .
To calculate the level population of W ions over wide range of temperatures, we construct an atomic model from Gd-to H-like ions. However, at a specific temperature, only a relatively small number of charge states are populated. Therefore, the calculation uses a "sliding window" approach, in which only (2Δ + 1) ions around the most abundant one are considered at each temperature.
Results of Calculation Using JATOM
We carried out calculation of W plasmas with an electron density and temperature of n e = 10 14 /cm 3 and T e = 100 − 12000 eV. The results depend on the number of groups of excited states, maximum principal quantum and angular moment quantum number of excited electron, and the number of ions considered in the calculation for each temperature, or the width of the sliding window. Therefore, we carried out convergence analyses. Figure 2 shows dependence of the result with respect to the width of the sliding window. The abundance of each ion changes significantly depends on the window width, although the mean charge and radiative loss are less sensitive. We performed following calculations with Δ = 4. The result suggests more ions should be included in such conditions where the open shell ions dominates. Furthermore, the mean charge and radiative power loss converge when excited states with the principal and angular momentum quantum number of the excited electron up to n = 8 and l = 4 are included. Figure 3 compares the results of JATOM code with those presented at NLTE7 workshop. The calculated mean charge and radiative power loss are nearly at the center of the distribution, except for the radiative power loss at T e = 9000 eV. Figure 3 also shows the results with fewer number of levels. As the size of the model increases, the mean charge decreases as the rates of dielectronic recombination increases, whereas the radiative power loss increases as the satellite line emission increases. These results indicate that including 30 groups of excited states for the calculation of mean charge are sufficient to calculate Figure 4 shows the temperature dependent ion abundance of W. The calculated mean charge at T e = 3900 eV is Z = 45, which is similar to that reported by Pütterich [9] , however, is higher at other temperatures, suggesting that further investigation may be required. 
Results of Calculation of Kr Spectrum Using Genetic Algorithm (GA)
The study of EUV source has demonstrated that even atomic codes can produce atomic data, the calculated line wavelength contains errors even considering configuration interaction. Furthermore, the line wavelength cannot always be experimentally calibrated [10] .
As an another test case in the NLTE7, we analyzed the spectrum from a laser produced Kr plasma [11] , using the genetic algorithm (GA) to consider an inverse problem to find level energies and populations that reproduce the spectrum. T ion , T e , correction of population and energy for each level, Δp j and ΔE j , and effective line width and size of the plasma are considered as genes. For instance, we assume that the level population of jth level, N j is determined as,
from the population of the ground state N g , which is determined from Saha equilibrium at T ion . Then we calculate the intensity of each line and spectrum, taking the effect of opacity into account, and update genes after evaluating fitness with respect to the experimental spectrum. Next we apply selection, crossover and mutation. This procedure is repeated until convergence is obtained. Figure 5 shows the wavelengths and intensities of resonance lines of Ne-like Kr that agree with the experiment. Over 500 emission lines from F-, Ne-, and Na-like Kr are included in the present model, however more satellite lines from Mg-and lower charged Kr ions should be included to improve agreement for the wing of 3A/3B and 3D lines in the longer wavelength region.
Application of the JATOM Code to Gd and Nd Plasmas
As an application of JATOM CR code, Fig. 6 shows the ion abundances of Gd and Nd, which is expected to be used for shorter wavelength (λ < 10 nm) EUV sources [12] . The curves are similar, but are shifted according to the difference of the atomic number. Figure 7 shows the common trend of the radiative power loss, which decreases as temperature increases and number of bound electrons decreases. The dips corresponding to the conditions where the closed shell ion dominates.
Summary
The current status of the development and validation of CR model of high-Z ions is described. The modeling method of atomic processes based on computational atomic data and a method based on artificial intelligence will be combined to analyze complex atomic spectra from high-Z plasmas.
